Requirements for leukocyte adhesion molecules as well as cytokines have been determined in the rat model of acute nephrotoxic nephritis. Proteinuria (at 24 h) and neutrophil accumulation in renal glomeruli (at 6 h) have been used as the endpoints. Invest. 1993. 91:577-587.)
Introduction
Adhesion-promoting molecules appear to play important roles in development of the inflammatory response and in the recruitment ofleukocytes into tissues. Adhesion-promoting molecules associated with leukocytes include the fi1 and the ,B2 integrins, the latter consisting of the CDl 1 /CDl 8 complex, and the other molecules such as L-selectin, a lectin-binding molecule that also presents the carbohydrate sialyl Lex to the other selectins (P-and E-selectin) (1) . While the ,32 integrins can be upregulated during activation of leukocytes, L-selectin is shed during cell activation (2) . In the case of endothelial cells, adhesion-promoting molecules are, in the main, not constitutively expressed, but their expression can be rapidly (in the case of P-selectin) or slowly (in the case of endothelial leukocyte adhesion molecule-1 [ ELAM-1],' intercellular adhesion molecule-1 [ICAM-I], or vascular adhesion molecule- 1 [VCAM-1]) upregulated. There is considerable evidence that leukocyte and endothelial adhesion-promoting molecules play important roles in a variety of inflammatory reactions (3) (4) (5) (6) (7) .
The current studies were designed to assess the roles of adhesion molecules and cytokines in the development of acute nephritis in rats after deposition of intraglomerular immune complexes after vascular infusion of heterologous (sheep) IgG antibody to glomerular basement membrane (anti-GBM). In this model of nephritis the acute phase of injury develops within 24 h and is characterized by linear glomerular deposition of the antibody along the GBM, complement fixation, neutrophil accumulation, and oxygen radical-dependent injury of the glomerular wall, resulting in acute proteinuria and damage/destruction of glomerular endothelial and epithelial cells (8) . Since the cytokines TNFa and IL-1 are known to cause endothelial cell expression ofadhesion molecules (9-1 1 ) and TNFa is crucial for the E-selectin-dependent influx ofneutrophils into lungs after deposition of IgG immune complexes (3), the possible roles of TNFa and IL-1 in the development of IgG anti-GBM-induced glomerular injury were also assessed. The pattern ofcytokine and adhesion molecule engagement in anti-GBM-induced nephritis in rats has some similarities and several distinctive differences when compared with the pattern of mediator engagement in rat lung after deposition of IgG immune complexes.
Methods
Reagents. Unless otherwise noted, all reagents were purchased from Sigma Chemical Co. (St. Louis, MO) . As used in the protocols described below, none of the antibody preparations caused neutropenia after intravenous infusion. The control antibody preparations for the adhesion molecule studies were intact IgG, MOPC-21 or F(ab')2 of IgG, from MOPC-21. For the former, 200 ug was injected intravenously immediately after the infusion of anti-GBM antibody. In the case of F(ab')2, 67 Ag was injected 2, 4, and 6 h after infusion of 1. Abbreviations used in this paper: ELAM-1, endothelial leukocyte adhesion molecule-1 (E selectin); GBM, glomerular basement membrane; ICAM-1, intercellular adhesion molecule-1; IL-lra, IL-I receptor antagonist; LFA-1, CD l I a/CD 1 8 heterodimer; Mac-1, CD I I b/ CD18 heterodimer; RPAEC, rat pulmonary artery endothelial cells; sTNFr-1, human recombinant soluble tumor necrosis factor receptor-anti-GBM. This schedule was selected because of the short half-life of F(ab')2 in the plasma and because of the time course (as assessed by immunohistochemical analysis) of adhesion molecule expression in glomeruli after infusion of anti-GBM. Anti-ELAM-l (CL-3) was generated by immunization of mice with IL-I -stimulated human umbilical vein endothelial cells and the appropriate hybridomas obtained. This antibody, which reacts with tumor necrosis factor alpha (TNFJ)-stimulated rat pulmonary artery endothelial cells (RPAEC), has been described in a recent report (3) . The F(ab')2 preparation rather than intact IgG, was used, since the intact antibody neither prevents adherence of phorbol ester-stimulated rat blood neutrophils to TNFa-treated RPAEC nor does it protect against IgG immune complex-induced acute lung injury, in contrast to the F(ab')2 preparation of the same antibody (3). For use, 45 gg F(ab')2 CL-3 was injected intravenously 2,4, and 6 h after infusion ofanti-GBM. In an additional experiment the dose ofF(ab')2 anti-ELAM-I was tripled, with intravenous injection of 133 ytg at times 2, 4, and 6 h. IgG antibody to human VCAM-1 was prepared in goats and found to be cross-reactive with TNF.-stimulated RPAEC. Due to limited available quantities, this antibody was available only for immunohistochemical analysis. Antibody to rat ICAM-l was used as the F(ab')2 preparation of IgG, (1A29) and was obtained from hybridomas after immunization of mice with endothelial cells obtained from high endothelial venules of rat lymph nodes. This antibody preparation is described in detail elsewhere (12 (14) . Blood neutrophil counts (cells/0. 1 mm3 blood) at times 0,2, 4,6, and 24 h after infusion ofTA-2 were: 145±2.5, 132±4.1, 135±2.7, 139±3.3 and 141±3.4, respectively. WT-1 anti-rat CD1 la (LFA-l) was an IgG2, murine monoclonal antibody that has been recently described in detail (15 33 Ag F(ab')2 CL-26 were injected at times 2, 4, and 6 h after infusion of anti-GBM. This protocol has been found to provide high degrees ofprotection against neutrophil-mediated lung injury ( 16) . Anti-TNFa was a polyclonal goat IgG antibody raised to recombinant murine TNFa and found to cross-react with rat TNFa ( 17, 18) . When used, 1.0 ml immune goat serum was injected intravenously immediately after infusion ofanti-GBM. This treatment blocks appearance ofTNFa in rat bronchoalveolar fluids after intrapulmonary deposition ofIgG immune complexes ( 17 ) . Anti-IL-i was a polyclonal goat IgG antibody to murine recombinant IL-I a and was found to be crossreactive with rat IL-I ( 19) . When used, 1.0 ml goat serum was intravenously infused immediately after the anti-GBM. For all studies, blood neutrophil counts were obtained at time 0, 2, 4, 6, and 24 h after injection ofblocking antibodies. The dosing schedules described above did not induce neutropenia (data not shown). Human recombinant TNFG and IL-iI3 were obtained from Cetus Corp (Emeryville, CA) and were infused as a bolus into the renal artery, as 100 U in a vol of0.3 ml. Details ofthe procedures are provided in the text. Human recombinant IL-i receptor antagonist (IL-Ira) and human recombinant soluble TNF receptor-I (sTNFr-I) were provided by Drs. Robert Thompson and Tadchiko Kohno (Synergen Co., Denver, CO) (20) (21) (22) (23) . 2 mg IL-Ira/kg body wt were injected subcutaneously at times 0, 6, and 12 h, in accord with an established protocol that provides profound ILreceptor blockade in rats (22, 23) . When sTNFr-I was used, 2 mg sTNFr-I /kg body wt was injected subcutaneously at times 0, 8, and 16 h after infusion of anti-GBM.
Anti-GBM nephritis model. Details of the preparation of this antibody are contained in several previous publications (8, 24) . Rat glomeruli were isolated with sieving techniques and subsequently sonicated, washed, and subjected to centrifugation. The basement membrane preparations were then emulsified in Freund's complete adjuvant and intradermally injected into sheep. After three boosting immunizations, ammonium sulfate precipitation was used to obtain the IgG-enriched fraction, which was processed by anionic exchange chromatography and the IgG fraction absorbed with rat platelets, lymphocytes, and erythrocytes before use. Male Long-Evans specific pathogen-free rats (300-350 g; Charles River Breeding Laboratories, Inc., Portage, MI) were used in all studies. Intraperitoneal ketamine (25-50 mg/kg body wt) and sodium pentobarbital (50 mg/kg body wt) were administered for sedation and anesthesia. 10 mg anti-GBM IgG (0.25 ml diluted in PBS to 0.5 ml) were intravenously injected and the animals housed in metabolic cages for up to 24 h. Other negative control animals received an equivalent amount (10 mg) ofsheep IgG obtained from normal sheep serum. This preparation contained by limulus assay 4 pg/ml. The injection volume was 0.25 ml, such that 1 pg endotoxin was diluted into the blood volume, resulting in an entotoxin concentration of -67 fg/ml. The anti-GBM preparation contained a level of endotoxin (as measured by the limulus clotting assay) of 2.6 pg/ml. Accordingly, 0.65 pg (0.25 ml) was injected intravenously upon administration of anti-GBM with an estimated final blood concentration of 43 fg/ml. Total urinary protein was measured by the Lowry technique after initial precipitation of protein with trichloroacetic acid. Urinary protein levels were compared to those from animals that had received intravenous injections of saline instead of anti-GBM. Reference positive control animals were infused with anti-GBM and then received intravenous saline (500 Ml) or irrelevant antibody (MOPC-2 1, intact IgG1, or F(ab')2) at the times indicated. Except as noted, animals were killed at 6 h (for histology) or at 24 h (for determination of proteinuria). Six separate experiments were carried out. For purposes of clarity and brevity, all results have been grouped into a single table.
Morphology. Kidneys from animals killed 6 h after anti-GBM infusion were fixed in glutaraldehyde and processed for light or transmis-578 sion electron microscopy. Plastic-embedded sections (1 Am thick) of kidneys from animals from each relevant group (negative controls, and untreated positive controls, or positive controls treated with the indicated reagents) were analyzed for the number of neutrophils per glomerulus according to procedures described elsewhere (8) . These sections were stained with toluidine blue. Neutrophil content in glomerular capillaries or along glomerular walls was quantitated by examination of at least 50 glomeruli. Neutrophil counts were expressed as neutrophils/glomeruli (mean±SEM).
Immunohistochemical analysis. Additional sections of kidneys from animals sacrificed at the times indicated were embedded in O.C.T. compound (Miles Inc., Elkhart, IN) and snap-frozen in liquid nitrogen. After mounting on poly-L-lysine-coated slides, sections were fixed in acetone and incubated with MOPC-21 (I ng/ml), anti-ELAM-1 (CL-3, 1.0 ng/ml), anti-ICAM-l (1:200 dilution), anti-VCAM-1 ( 1:200 dilution), anti-TNFa, or anti-IL-I (1 ng/ml) for 45 min. The sections were then washed with PBS. Staining for presence of indicator antibody was achieved using the Vectastain biotin-avidin peroxidase (Vector Laboratories, Inc., Burlingame, CA) system for mouse IgG or goat IgG (in the case of VCAM-i). After hematoxylin counterstaining, sections were coated with aqua-mount (Lerner Laboratories, Pittsburgh, PA) and examined by light microscopy for the presence of reaction products of peroxidase.
Statistical analysis. The data were analyzed using analysis of variance and additional paired Student's t tests to determine which individual group differences were statistically significant. All values were expressed as mean±SEM unless otherwise indicated. Statistical significance was defined as P < 0.05. For purposes of statistical comparison and calculation of percent reduction of proteinuria, the mean proteinuria values of negative controls were subtracted from all values of the positive control groups and the various positive control treatment groups.
Results
Interventional effects on proteinuria. From six experiments, the collective data from various interventions and their effects on proteinuria are presented in Table I . Details of the interventions are provided above. The protocols for injection were determined by the ability of these reagents to provide protective effects in other inflammatory models in rats. Also, the choice of intact IgG, antibody versus the use of F(ab')2 was dictated by earlier experience in which some intact antibody preparations caused neutropenia. Negative controls were infused with PBS (Table I, group A) or with 10 mg IgG from normal sheep serum (Table I, (Table I ). There were no statistical differences within the three positive control groups. In striking contrast, treatment with anti-TNFa or with sTNFr-1 reduced proteinuria by 75.7% (P < 0.001 ) and 76.0% (P < 0.001 ), respectively, but treatment with either anti-IL-I or IL-lra failed to reduce proteinuria significantly below the values of the positive reference controls (P, NS). For whatever reason, treatment with anti-IL-l actually slightly increased proteinuria (by 23.1%), but this was not statistically significant when compared to the positive controls. Treatment with anti-CD 1 la did not reduce the proteinuria value (it actually rose by 4%), but treatment with anti-CD 1 lb caused a marked reduction (46.0%, P Table I . Negative controls A received PBS intravenously while negative controls B received 10 mg normal sheep IgG. All positive controls received 10 mg IgG anti-GBM intravenously. * As described in Table I . § Glomerular counts in at least 50 glomeruli per group were determined. See text for details. 11 As compared to the positive control group receiving PBS. Before calculations, the negative control value was subtracted from the positive control values.
< 0.001) in the degree of proteinuria. Treatment with F(ab')2
anti-CD-18 dramatically reduced proteinuria, by 63.1% (P <0.001), while treatment with either anti-VLA-4 or anti-ICAM-1 reduced proteinuria values by 34.0% (P < 0.001 ) and 23.7% (P < 0.001), respectively. When the protocol for treatment with F(ab')2 anti-ICAM-1 was modified such that the injection schedule was intravenously at 2, 4, and 6 h (similar to the anti-CD 1 8 protocol) and the dose ofanti-ICAM-1 was doubled (to a total of 400 ug), the protection against proteinuria increased to 55.0% (P < 0.001). In striking contrast to the blocking effects of F(ab')2 anti-ELAM-I in IgG immune complex-induced injury of lung (3), this intervention did not reduce the level of proteinuria induced by anti-GBM; in fact, there was a slightly increased (by 13.4%) but statistically insignificant increase in proteinuria as a result of treatment with anti-ELAM-1 (Table I) . Using the same treatment protocol but increasing by threefold the amount of anti-ELAM-1 (to 400 ,gg), there still failed to be any evidence of protection ( Table I ). This strongly implies that ELAM-1 is not required for the development of injury in this model of glomerular injury. Effects ofinterventions on glomerular accumulation ofneutrophils. Animals were killed 6 h after injection of anti-GBM and the plastic-embedded tissue sections were examined morphologically by light microscopy to determine the effects of various interventions on the accumulation of neutrophils in glomeruli. The 6-h time point was selected, since this is known to be the time at which maximal accumulation of neutrophils occurs after infusion ofanti-GBM (24) . Results from the morphometric analyses ofglomeruli are presented in Table II . After the intravenous infusion of anti-GBM in PBS, there was a marked increase in the number of glomerular neutrophils. In contrast to the negative controls receiving PBS or 10 mg normal sheep IgG in which few neutrophils accumulated (< 0.240/glomerulus), the positive controls had a nearly 10-fold increase in neutrophil accumulation (2.174±0.194 neutrophils/glomerulus) (P < 0.001). In animals treated with antiTNFa or sTNFr-l, the accumulation of neutrophils fell by 82.3% (P < 0.001) and by 76% (P < 0.001), respectively, whereas neither treatment with anti-IL-l nor with IL-Ira significantly reduced glomerular accumulation of neutrophils (for each, P, NS). Treatment with anti-CD 1 la did not significantly reduce the neutrophil accumulation, but treatment with antiCDl lb or with anti-CD18 reduced neutrophil counts in glomeruli by 66.5% (P < 0.001 ) and 79.5% (P < 0.001), respectively. Treatment with anti-VLA-4 or with anti-ICAM-1 reduced neutrophil accumulation by 63.2% (P < 0.001) and 54.4% (P < 0.001), respectively. In contrast, treatment with anti-ELAM-l, which in IgG immune complex-induced lung injury is protective and significantly reduces lung accumulation ofneutrophils (3), neither reduced the amount ofproteinuria (Table I) nor did it interfere with glomerular accumulation ofneutrophils (Table II) . Thus, the effects ofinterventions on proteinuria correlate closely with the effects on glomerular accumulation of neutrophils. Agents that were protective against proteinuria also reduced the glomerular localization of neutrophils in the model of anti-GBM induced nephritis.
Analysis by transmission electron microscopy. On the basis of electron microscopic analysis, there was, as expected, a correlation between protective interventions and morphological changes in glomeruli. As shown in Fig. 1 , A and C, 6 h after infusion ofanti-GBM antibody, there were numerous intraglomerular neutrophils (solid arrows), many of which were in direct contact with glomerular basement membrane, as well as mesangial deposits of fibrin ( Fig. 1 A, open arrow) . Denudation of the endothelial monolayer was evident. In addition, epithelial cell foot processes were fused. In animals injected with anti-GBM and also treated with anti-TNFa, the features were in striking contrast: few, if any, neutrophils were present within glomerular capillary loops, there was much less evidence of endothelial injury, no fusion of epithelial cell processes occurred, and mesangial deposits of fibrin were not observed (Fig. 1, B and D) .
Expression in renal glomeruli of ELAM-J, ICAM-J, and VCAM-J. These studies were designed to determine if, by immunohistochemical approaches, there was detectable upregulation of ELAM-1, ICAM-1, and VCAM-I in rat glomeruli after infusion of anti-GBM antibody or after intraarterial infusion into the renal artery of TNF,, or IL-1. In vivo upregulation of Immunohistochemical staining of renal glomeruli for VCAM-1, ELAM-1, and ICAM-1 6 h after intravenous infusion of anti-GBM. In normal kidney, there was no detectable reactivity for VCAM-l (A), ELAM-1, or ICAM-I (not shown). 6 h after injection of anti-GBM, there was staining of glomerular endothelial and mesangial areas for VCAM-l (B), with disappearance in VCAM-l staining in anti-GBM injected animals pretreated with anti-TNFa (C) as well as loss of staining for ICAM-1 and ELAM-1 (data not shown). In anti-GBM-injected animals, glomerular staining for ICAM-I (D) and ELAM-l (E) was also evident. (A-C, X400; D, X250; E, x200.) endothelial adhesion molecules after infusion of anti-GBM was also evaluated for the requirements for TNFa and IL-1. The time course for the in vivo expression of adhesion molecules was also established. Expression of ICAM-1, VCAM-1, and, to a lesser extent, ELAM-1 was detected as early as 2.0 h after infusion of anti-GBM, appeared to reach a peak at 4-6 h after infusion ofthe antibody, and diminished over the next 18 h (data not shown). Nephrotoxic nephritis was induced according to the protocols described above. Kidneys were harvested 6 and 24 h after intravenous infusion of anti-GBM and frozen sections obtained. According to the procedures described above, tissues were then evaluated immunohistochemically for the presence ofVCAM-1, ELAM-1, and ICAM-1. The findings from these experiments are described in Figs. 2 and 3 . In animals infused with 10 mg IgG from normal sheep serum, no staining for ICAM-1 or VCAM-1 was detected at 6 h (data not shown). Sections of kidneys from saline-infused animals that had not received anti-GBM failed to demonstrate detect- able reactivity for VCAM-1 6 h after infusion of PBS (Fig. 2 A) or ELAM-l in glomeruli (data not shown); barely detectable glomerular reactivity for ICAM-l was occasionally found (data not shown). Endothelial and mesangial reactivity for VCAM-I was intensely expressed 6 h after infusion of anti-GBM antibody (Fig. 2 B) and persisted at 24 h (data not shown). In animals pretreated with anti-TNFa, the infusion ofanti-GBM failed to induce detectable VCAM-I staining at 6 h (Fig. 2 C) . In otherwise untreated animals injected with anti-GBM, at 6 h staining for ICAM-l (Fig. 2 D) and ELAM-l (Fig. 2 E) was detected. Due to the constraints of frozen section technique, precise cellular or extracellular localization of the staining was difficult. When glomeruli obtained 6 h after infusion of anti-GBM were reacted with IgGI MOPC-2 1, no glomerular staining was found (data not shown).
Rats received a unilateral infusion into a renal artery of 100 U of either TNFa or IL-lI3 and the kidneys obtained 6 h later.
Staining of these tissues revealed glomerular staining for VCAM-l (Fig. 3 A) , ELAM-1 (B), and ICAM-1 (C). The staining appeared to be somewhat less intensive when compared with glomeruli after infusion ofanti-GBM (Fig. 2) . Kidneys infused intraarterially with IL-1l: failed to show staining for VCAM-l (Fig. 3 D) , ICAM, or ELAM-l (data not shown). These data indicate that anti-GBM causes upregulation in renal glomeruli of VCAM-1, ELAM-1, and ICAM-1, that this upregulation is TNFa dependent but IL-I independent, and that the pattern of upregulation can be reproduced in vivo by intraarterial infusion into kidney ofTNFa, but not by infusion of IL-Ilf.
When frozen sections of glomeruli from rats with anti-GBM-induced nephritis were obtained at 6 h and stained for TNFa and IL-1, there was diffuse and strong staining for TNFa while little, if any, staining was detectable for IL-I (data not shown).
Discussion
Upregulation of ELAM-1 (E-selectin) in the dermal vasculature occurs during contact hypersensitivity reactions in humans (for review see reference 25). It has been speculated that ELAM-l plays a role in the influx of T cells and monocytes (25, 26) . In IgG immune complex-induced acute alveolitis in rats, ELAM-1 upregulation in the pulmonary vasculature is readily demonstrable by immunohistochemical analysis 3-4 h after deposition of immune complexes (3) . As revealed by the use of blocking antibody, ELAM-1 plays an obligate role for the full intrapulmonary accumulation of neutrophils and the subsequent development oflung injury following deposition of IgG immune complexes (3). Furthermore, in IgG immune complex-induced injury, intrapulmonary upregulation of ELAM-l is blocked by anti-TNFa, neutrophil accumulation is greatly reduced, and pulmonary injury is markedly attenuated (Mulligan, M. S., and P. A. Ward, unpublished data). These data stand in sharp contrast to the current studies in which, while infusion ofanti-GBM caused relatively limited upregulation (as detected immunohistochemically) in glomeruli of ELAM-1, treatment with anti-ELAM-l failed to protect the kidney from injury after infusion of anti-GBM and failed to reduce glomerular accumulation of neutrophils. Although both IL-I and TNFa are known to be required for full development of IgG immune complex-induced alveolitis in rats ( 16, 17, 19) and both are capable of inducing ELAM-1 expression in vitro on rat pulmonary artery endothelial cells (3), anti-IL-I and IL-1 ra were not protective against the development of nephrotoxic nephritis (Table I) and IL-I failed to induce ELAM-1, ICAM-1, and VCAM-1 expression in renal glomeruli when injected into the renal artery (Figs. 2 and 3) . If TNF.
and IL-I have an important role in vivo in the induction of adhesion molecule expression by endothelial cells, then it might be concluded that there are fundamental differences in the lung and glomerular microvasculatures, the former being responsive to both cytokines while the latter is only responsive to TNFG. In recent experiments in which we have compared the requirements for TNFa and IL-I for lung and dermal vascular injury following deposition of IgG immune complexes, anti-TNFa, anti-IL-1, and IL-Ira all provided substantial protection against lung vascular injury. In contrast, in dermal vascular injury induced by the same immune complexes, blocking of IL-I was highly protective but blocking of TNFG was not protective. By immunohistochemical analysis, the dermal interstitium contained IL-i-positive cells but not cells containing TNFG (27) . Thus, there appear to be distinct differences in vascular beds from different organs with respect to the pattern of cytokine engagement during development of the acute inflammatory response.
It should also be pointed out that there is evidence to suggest that rat endothelial cells can, under special circumstances, show selective responsiveness to cytokines. For instance, although the rat pulmonary vasculature responds with upregulation of ELAM-1 in response to both cytokines, and TNFa and IL-I can both induce upregulation in vitro of ELAM-1 in rat pulmonary artery endothelial cells (3, 10) , TNFG, but not IL-1, causes in vitro conversion of xanthine dehydrogenase to xanthine oxidase in rat pulmonary artery endothelial cells (28) . Thus, generalizations regarding responses of endothelial cells to cytokines are difficult.
The finding that IL-I does not seem to be required for development ofglomerular injury after infusion ofanti-GBM is puzzling, since in other studies mRNA for IL-Ira and IL-I have been detected in glomeruli of nephritic animals, and infusion of IL-I accentuates the nephritic state. Rabbits with acute serum sickness have been shown to exhibit slightly increased IL-I production in isolated glomeruli, and exogenously administered TNFa and IL-1 enhanced the severity of this form of glomerulonephritis (29) . Similarly, enhanced levels of mRNA for TNFa and IL-1,6, but not IL-I., have been detected in extracts of the renal cortex in MLR-Ipr mice with lupus nephritis, and pretreatment of these mice with IL-I or TNFa accelerated the development of renal injury (30) . Sprague-Dawley rats with nephrotoxic-induced nephritis also have shown enhancement of injury following infusion of LPS, human TNFa, or human IL-1,6 (31) . Accordingly, enhanced TNFa and/or IL-i formation appears to be occurring in renal glomeruli of nephritic animals, at least under certain conditions. Why we detected by immunoperoxidase technology TNFa but not IL-1 in renal glomeruli 6 h after infusion ofanti-GBM is unclear but fits with the evidence in Tables I and II that blocking of TNFa but not IL-I is protective against proteinuria and glomerular accumulation of neutrophils. It is possible that in our model the acute phase of nephrotoxic nephritis is too brief for the production ofIL-1. This might be the reason for the renal cortical presence of mRNA for IL-I in chronic nephritic models in rabbits (29) and mice (30) . In experiments in which pretreatment (at 1 h) of rats with LPS, IL-1, or TNFa has been shown capable ofenhancing injury (the degree ofproteinuria, glomerular accumulation ofneutrophils and intravascular thrombosis in anti-GBM-treated rats), the dosage of cytokines may be critical. In our experiments we used -0.01 sg TNFG or IL-1. In the in vivo studies in rats in which the exacerbating effects of TNFG and IL-I on anti-GBM-induced nephritis were found, 50 times more IL-I (0.5 gg) and 400-4,000 times more TNFa (4-40 ,ug) were used (31 ) . Thus, our failure to demonstrate the role of IL-I in the anti-GBM model as well as the inability of infused IL-I to upregulate glomerular adhesion molecules may be explained by these quantitative differences and by differences in experimental protocols. Curiously, PGE,-induced protection against the chronic phase ofnephritis has been associated with increased rather than decreased production ofIL-1, suggesting that PGE1 may cause dissociation in the formation of IL-I and other cytokines, such as TNFa (32). Such a finding might be due to increased production of IL-Ira which would counter any biological effect of IL-1. Whether or not IL-l production is occurring in the early phase of nephrotoxic nephritis, our studies do not support the conclusion that IL-I is required for the events in this phase of nephritis. For whatever reason, it would seem that TNFa predominates over IL-I in anti-GBM-induced nephritis, as assessed by the effects of blocking antibodies and by treatment with IL-ra. The inability of IL-I to cause upregulation ofendothelial leukocyte adhesion molecules in renal glomeruli after intraarterial infusion, in contrast to the effects of TNFa (this report), also differs from our experience in the lung vasculature in which human recombinant IL-I is readily able in vivo to cause upregulation of ELAM-I and VCAM-I in the vascular endothelium (27) . With respect to the kidney, TNFa has been shown to induce morphological and contractile changes in mesangial cells (33) and can induce glomerular damage when infused into the rab-584 bit (34) . The profound protection produced by anti-TNF, in the rat model ofnephritis suggests that TNFa may be the dominant cytokine in acute nephrotoxic nephritis. The discrepancy between the key role for ELAM-1 in IgG immune complex-induced alveolitis (3) and our inability to demonstrate its role in anti-GBM-induced nephritis, together with the differences in the roles of TNFG and IL-I in immune complex-induced pulmonary vascular and glomerular damage, suggest that the endothelium in the two organs may respond in fundamentally different ways to mediators. Only the availability ofprimary early passage lines ofvascular endothelial cells from these two organs will permit resolution of these problems.
Our use ofthe acute anti-GBM model of nephritis has been confined to the very early, neutrophil-dependent phases of nephritis in which immune complexes, while distributed diffusely along the GBM, have not yet become morphologically detectable as dense subepithelial and mesangial deposits. This is in contrast to the pattern ofdeposition ofimmune complexes in various forms of lupus nephritis and in serum sickness nephritis (35) . In contrast to the early (heterologous) phase of nephrotoxic nephritis, the delayed (autologous) phase occurring 6-7 d after infusion ofanti-GBM is associated with a mesangial monocytic cellular accumulation, which is distinctly different from the early phase of anti-GBM-induced nephritis in which no such change occurs. It would be of interest to determine ifa similar pattern ofcytokine engagement and adhesion molecule involvement occurs in the delayed (autologous) phase of glomerulonephritis.
The data in this report suggest that, although ICAM-1 (which is reactive with both LFA-l and Mac-l (CDl lb/ CD1 8)) is required for the full development of glomerular injury in the acute nephritis model, Mac-1 but not LFA-1 engagement is requisite. To what extent this pattern will apply in other models of neutrophil-mediated injury in rats cannot be predicted. ICAM-l has been shown to be upregulated in autoimmune murine lupus nephritis (36), but the nature ofits role in this model has not been defined. In other inflammatory models, CD 18 has been shown to be involved in neutrophil accumulation in rabbit skin and subcutaneous sites (injected with FMLP, C5a, LTB4, or live bacteria) and at sites containing IgG immune complexes deposits and in lungs instilled with phorbol ester or Escherichia coli (5, 6) . CDl lb also plays a role in the full development of injury after myocardial ischemia-reperfusion in dog hearts, in which neutrophils also apparently contribute to injury (7) . The striking immunohistochemical evidence for the presence of VCAM-1 in the glomerular vasculature after infusion of anti-GBM suggests that this adhesion molecule may be relevant to the pathways leading to injury. The lack of adequate amounts of blocking antibody to VCAM-1 has precluded direct experimental testing of this question. Since VLA-4 is expressed on monocytes and on activated T cells (but not on neutrophils) and because anti-VLA-4 is protective against the full development of proteinuria in the anti-GBM model of nephritis, it is possible that recruitment of monocytes into the mesangium after deposition ofanti-GBM is linked to the pathophysiology ofthe nephritis. Alternatively, it is also possible that the presence of anti-GBM and related mediator production (e.g., complement activation products) results in a VLA-4-dependent activation of mesangial macrophages, with resultant cytokine production. The sequence ofpossible pathophysiological events in anti-GBM-induced nephritis is depicted in Fig. 4 . In this scheme, fixation ofantibody to GBM and associated activation ofcomplement leads to stimulation ofmesangial cells which elaborate TNFa and perhaps other cytokines. In addition to its ability to "prime" mesangial cells, TNFa,, appears to play a major role in causing upregulation of glomerular endothelial leukocyte adhesion molecules such as VCAM-1, ELAM-1, and ICAM-1. The inability ofCL-3 anti-ELAM-1, which is highly protective against IgG immune complex-induced lung injury (3), to reduce glomerular accumulation of neutrophils (Table II) or to protect the kidney against anti-GBM induced injury (Table I) suggests that upregulation of ELAM-1 may be adventitious. The upregulation ofICAM-1 provides a IB2 integrin-dependent pathway of adhesion of neutrophils to glomerular endothelial cells via Mac-1 (Mo 1), coupled with the contemporaneous activation of neutrophils by complement activation products and (perhaps by TNFaf), resulting in damage/destruction of glomerular endothelial epithelial cells. It is also possible that Mac-1 engagement might occur in the context ofthe anti-GBM model via iC3b deposition related to the GBM-anti-GBM immune complexes. In this case, Mac-1 might be interactive with both ICAM-1 as well as iC3b, the latter being consistent with a very early complement-dependent adhesion-promoting process involving both neutrophils and endothelial cells (37) . To what extent Fc receptor engagement may be involved in the intraglomerular localization of neutrophils in anti-GBM-injected animals is unclear. Whether monocyte recruitment into the mesangium occurs during the first 24 h after infusion of anti-GBM is uncertain. It is also not known if monocyte interaction with the endothelium in the early stages ofthis nephritis model might represent an important pathophysiological event and might be relevant to the blocking effects of anti-VLA-4. It is also possible that, if monocyte involvement in the model of glomerular injury is important, monocytes could also be the source of TNFa. Activation of glomerular mesangial cells and production ofTNFG after infusion ofanti-GBM seems relevant to the processes leading to acute glomerular injury. It is also possible that an outcome of a VCAM-1 and VLA-4 driven event may be the accumulation of monocytes (and perhaps T cells) in the glomerular mesangium, setting the stage for the delayed phase of nephritis. Finally, the requirement for Mac-1 but not LFA-1 for anti-GBM-induced glomerular injury may also be related to recent observations indicating that formyl chemotactic peptide-stimulated neutrophils in contact with endothelial monolayers produce significant amounts ofH202 in a manner that is CD 1 lb and CD1 8 dependent but independent of a role for CDl la ( 16, 38) . This might be a relevant mechanism, since it has also been shown that in the anti-GBM model of nephritis infusion of catalase is highly protective (8) as is complement and neutrophil depletion (24) .
Collectively, these data suggest that, in anti-GBM-induced nephritis, which is known to be complement dependent and related to generation of toxic oxygen products from neutrophils, TNFa, VLA-4, ICAM-1, and Mac-1 are required (but not ELAM-1, LFA-1, or IL-1 ) for the full expression ofglomerular injury. This pattern of mediator engagement is in striking contrast to IgG immune complex-induced lung injury which requires ELAM-1 (as well as TNF,, IL-1, and CD18) for full development of injury (3, (16) (17) (18) (19) . Either different mediators are produced in the two organs in response to deposits of immune complexes, or the vasculatures ofthe two organs respond in fundamentally different ways to inflammatory stimuli.
